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I. Introduction

A. The Nature of the Problem

The Sequence Hypothesis states that the amino acid sequence of a
protein is determined by the sequence of nucleotides in some particular
piece of nucleic acid. The evidence in favor of this is now very consider-
able, and will not be reviewed here. It is not unreasonable to hope that
this relationship may be a simple one and that the sequence of the four
bases in the nucleic acid can be thought of as a simple code for the amino
acid sequence.

This problem—the exact sequence of bases that determines each of
the twenty amino acids found in proteins—is known as the “coding
problem.” Recently there have been dramatic developments in this field
and it now seems possible that the code will be found within a compara-
tively short time. This review deals critically with the recent progress
and discusses the general nature of the genctic code as we can glimpse
it today.

B. The Mechanism of Protein Synthesis

The actual mechanism of protein synthesis will not be considered
here in any detail. We assume that the main site of synthesis is the
rihosomes; that the genetic message is conveyed there by a special
species of RNA known as messenger RNA (see Lipmann's article in this
volume), which is usually made by copying one of the strands of the
double helix of DNA (sce Hurwitz and August’s article in this volume) ;
and that the amino acids are conveyed to the ribosomes by a special
family of RNA molccules known as “soluble RNA” or “transfer RNA”
(here called sSRNA), which act as “adaptors” and carry each amino acid
to its proper site. It is known that the sSRNA molecules are specific and
that there is at least one type for each amino acid. Each amino acid is
joined onto its own sRNA by a special protein—the activating enzyme—
in a way that is fairly well understood (Hoagland, 1960).
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C. The “Standard” Bases and Amino Acids

Tl.ue four standard bases in DNA, adenine, guanine, cytosine, and
tbymme, will be denoted by their initial letters (A, G, C, and T, respec-
tively), and those in RNA by A, G, C, and U, where U stands for uracil.
Hyp.oxanthine will be denoted by H (not by I) and xanthine by X. Thus
polyinosinic acid—the polyribonucleotide all of whose bases are hy—’
poxanthine—will be called poly H.

In fact, there are more than four bases found in DNA and RNA, and
fnore'than twenty amino acids in proteins. There are several reason,s for
ignoring the rarer bases:

(1) Some nucleosides, such as pseudouridine, are only found in types
of RNA that do not act as messenger RNA.

(2) No correlation has yet been discovered between any unusual
base and any particular amino acid.

(3) All the unusual bases found either in genetic nucleic acid or in
messenger RNA are capable of forming one of the two standard
base pairs. No suggestion of a third base pair has been found.
Thl{s it is difficult to see how the unusual bases could carry
additional “information” (in the technical sense of the word)
a'lthough they may, of course, express information already car-
ried by the base sequence in a different form.

The reasons for ignoring the rarer amino acids are:

(1) All thosc found in genuine proteins appear to be simple derivates
of one of the standard amino acids, e.g., phosphoserine. It is thus
a reasonable guess that the modification may be made after the
synthesis of the polypeptide chhin.

(2) 'Ijhcir distribution is very uneven. TFor example, hydroxyproline
(in animals) is found only in collagen and related molecules.

. Nevertheless, there is a possibility that in some cases a rare amino
fzcxd may be incorporated using the coding mechanism. For example
it would be interesting to know if there is a special sRNA fori
hydroxyproline,

'There. is now general agreement on the most likely set of standard
amino fl(:lds. This set of twenty (given in Table I) includes asparagine
glutamine, and cysteine, but not cystine. It is perhaps worth noting tlmt,

the list has remained unchanged since it was first drawn up about 9 years
ago.

1 It has recently been c]aim.cd by Zubay (1962) that aspartic and glutamic acid
should be removed from the list, as he believes that they arc actually incorporated

'
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TABLE I

Tug Stanpard SET oF TWENTY AMINO AcIps®
Alanine Leucine
Arginine Lysine
Asparagine Methionine
Aspartic acid Phenylalanine
Cysteine Proline
Glutamie acid Serine
Glutamine Threonine
Glycine Tryptophan
Histidine Tyrosine
Isoleucine Valine

s In alphabetical order.

a3 asparagine and glutamine (respectively) and then deamidated. This is unlikely
for a number of reasons, and further evidence will be needed before his suggestion
can be accepted.

In addition, there must be a code of some sort for a “space,” or, more
likely, for “begin chain” and “end chain.” ,

Curiously enough, a number of proteins have an acetyl group at-
tached to the amino end of the polypeptide chain. The list includes the
proteins of several RNA viruses, horse heart cytochrome ¢, one chain of
bovine fibrinogen, «-MSH, and ovalbumin. One wonders whether possibly
this may be a way of separating polypeptide chains in those cases where
perhaps more than one protein is coded on the same messenger RNA.
It would be worth looking for a special SRNA that might perform this
function, though it is of course always possible that the acetyl group
is added by a special enzyme after the rest of the chain has been
synthesized.

Whether a separate language is needed for other purposes, such as
control mechanisms, is not known.

D. Glossary of Terms

These definitions are not meant to be precise. They are merely a
guide to the current usage. The meaning is usually fairly clear for
simple codes, but may become ambiguous for more complicated ones.

1. Tae Coping RaTIO

This is the ratio of bases to amino acids for a .suitably long message.
For a fully overlapping code the coding ratio is 1, It is often assumed
that the coding ratio is an integer, though this need not be the case.

2. Tue Copon

This is a group of bases that code for one amino acid. In simple codes
a codon is a fixed number of consecutive bases, e.g.,, in a “triplet” code
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it is three consecutive bases, but it is possible to conceive codes in which,
for example, some codons consist of two bases and others of three. Again
it 1s not certain that the bases making up a codon are adjacent on the
polynucleotide chain.

3. OVERLAPPING

In an overlapping code a given base forms part of several codons.
For example, in a fully overlapping triplet code one codon may consist
of the bases at positions n, (n 4 1), and (n - 2), and the next codon of
those at (n 4 1), (n 4 2), and (n+ 3). In a partly overlapping triplet
code adjacent codons would be at positions n, (n 1), and (n 4 2) and
(n+2), (n43), and (n+44). In a nonoverlapping code adjacent
codons do not overlap.

4. COLINEARITY

The amino acid sequence and the equivalent sequence of bases on the
nucleic acid are said to be “colinear” when the order of amino acids
along the polypeptide chain is the same as the order of the corresponding
codons along the polynucleotide chain.

5. A UniversaL Cobe

A code is universal if, throughout nature, any particular codon has
the same meaning,

6. DEGENERACY

A code is said to be nondegenerate if there is only one codon for each
amino acid. Otherwise it is said to be degenerate. In a highly degenerate
code almost all the possible codons correspond to amino acids. A code is
said to be “logically” degenerate if one can deduce the pattern of degen-
eracy from a simple rule.

7. TRANSITIONS AND TRANSVERSIONS

A transition is a change of one purine into the other purine, or one
pyrimidine into the other pyrimidine. In a transversion a purine is put
in the place of a pyrimidine, or vice versa. Thus we have:

A ><T(U) A———T(U)
¢ G C~—
transitions transversions

8. SENSE, ETC.

A codon corresponding to an amino acid in the “wild type” gene is
referred to as “sense.” If such a codon is charged (by mutation) to 2
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codon for another amino acid, then it is called “mis-sense.” If it is
changed to a codon that does not stand for an amino acid, it is called
“nonsense.” If such a change completely destroys the function of the
gene, the codon is called “absolute nonsense.”

It is not yet known whether all nonsense is absolute nonsense.

9. AMBIcUOUS AND UNIQUE

A codon that stands at the same time for more than one amino acid
is said to be ambiguous. A code, all the codons of which are unambiguous,
is said to be unique. If some of the codons are ambiguous, the code is
said to be partly ambiguous.

II. General Questions

A. Is the Code Overlapping?

The first fairly precise code, suggested by Gamow, was of the over-
lapping type. Gamow (1954) argued that this was plausible for stereo-
chemical reasons. Adjacent amino acids in a polypeptide chain can be
no more than 3.7 A apart, so that, in order to be joined together, they
must be brought fairly close to each other. Adjacent nucleotides are about
the same sort of distance apart—the exact distance depends upon which
part of the nucleotide is measured. The bases tend to stack with their
planes 3.4 & apart, but two adjacent phosphates (or two sugars) are
usually 5-6& apart. However, for a nonoverlapping triplet code the
relevant distance is not between adjacent nucleotides but between every
third nuclcotide. In the usual sort of structure this distance is likely to
be 10 A, or greater. A simple picture of the assembly process would
place adjacent amino acids too far apart to be joined together.

We realize now that there are several other ways of getting round
this difficulty but at the time it scemed that a fully overlapping code
would be rather a neat solution.

Any fully overlapping code will impose restrictions on the amino
acid sequence, since the linear density of information is not the same
in the two languages, there being at each step only four choices for a
base, but potentially twenty choices for an amino acid. Thus the latter
choice must necessarily be restricted. It was easy to disprove the code
actually suggested by Gamow. This was of the overlapping triplet type
and it was fully and logically degenerate. Apart from the fact that it

failed to specify the direction of the polypeptide chain, it could be
shown that it would not code for the known sequence of insulin.

A search was next made to see if there were any restrictions on amino

RECENT EXCITEMENT IN THE CODING PROBLEM 169

acid sequence. This work will not be reviewed here in detail. It suffices
to say t?mt no obvious restrictions have been found and that probably
any amino acid can neighbor any other, though the data are still
too scanty to exclude restrictions on the rarer amino acids, such as
tryptophan.

_At about this time the adaptor hypothesis was first being considered.
Th§s hyppthesis {see the account in Hoagland, 1960) states that the
amino .acld does not find the correct place on the template by specifically
adsorbing to it, but is carried there by a special molecule, named an
ada}ptor, that itself can fit onto the right places on the template and to
Wth}} the amino acid is joined by a special enzyme. In modern bio-
chemical terms the amino acid is joined by a special activating enzyme
;;)NZ molecule of SRNA (the adaptor), which carries it to the template

This hypothesis has recently been confirmed by the brilliant experi-
ment of Chapeville et al. (1962) who have shown that once cysteine has
been attac.hed to its own sRNA it is incorporated by poly UG as if it
were‘cystcjme even though it is chemically turned into either alanine or
cysteic acid after being attached. In other words, the amino acid goes
whef'e the sRNA directs and has no further control over its own
destination,

Th.e importance of this hypothesis, as was realized at the time, is that
there is no o})vious reason why a particular amino acid should be coded
by any particular codon. How the codons and amino acids are asso-
ciated depends on the exact structure of each activating enzyme and each
mol.ecule of sRNA, and could, for all we know, arise from historical
accident. This permits codes to be degenerate in a great variety of ways.
However, by an ingenious argument, Brenner (1957) was able to show
that the nearest-neighbor data ruled out all possible fully overlapping
degencrate triplet codes. At that time he assumed the code was univcrsz:l,
and therefore lumped together the data from all species; now that so
many more scquences have been determined, the argument could prob-
ably be applied to the nearest-neighbor data from mammals alone. or
even from one particular mammal. ,

I?owever, recent work has made it unlikely that any simple over-
Iappmg cf)de can be correct. This comes from a study of the changes in
amino acid sequence produced by mutation. In a fully overlapping code
the change of a base will alter several adjacent amino acids. In pzlrticu-t
lar cases, l?ecatlse of degeneracy, there may be fewer changes, but usually
an alteration to a single base in a fully overlapping tripl’ot code will
change three adjacent amino acids.

Now all the data suggest that the typieal change from a mutation

v
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affects a single amino acid. For example, this is so far true of all the
abnormal hemoglobins studied in detail. However, the most useful results
have been obtained by treating the RINA of Tobacco Mosaic Virus
(TMV) with nitrous acid, and then determining the alteration in se-
quence (if any) produced in the TMV protein (see Section IV,A for
references). Again the typical change affects a single amino acid. No
case has yet been reported of a change of two adjacent amino acids.

This evidence makes overlapping codes rather unlikely, though it is
possible, with ingenuity, to imagine a partly overlapping code that will
fit the facts. Such a code has in fact been suggested by Wall (1962) and
is discussed in Section VII,C,5.

If the code is nonoverlapping there must be some way of deciding
how the bases are grouped into codons, since the RNA structure itself
has no obvious “commas” that could do this. Of course a particular base
might function as a comma, though this does not seem very likely. At
one time it was thought that perhaps the code might be of the “comma-
less” type, and could be read in one way only. It can be shown that with
four bases this can be done without imposing restrictions on the amino
acid sequence if the number of amino acids does not exceed twenty
(Crick et al., 1957).

At the moment a comma-less code seems very imprebable for a
number of reasons. For example, with such a code one cannot easily
explain the large variation in base composition of the DNA of different
microorganisms, Polyuridylic acid should not act as a messenger, and
other results of the cell-free system cannot be explained (see Section

VII,C1).
B. Is the Message Read from One End?

The best evidence that this is so comes from recent genetic studies
on the A and B cistrons of the 7II locus of bacteriophage T4 (Crick
et al., 1961). There is no direct evidence that either of these two genes
codes for a polypeptide chain, but there is indirect evidence [the ambi-
valent mutants of Benzer and Champe (1961)] that suggests they do.

The argument turns on the nature of the mutations produced by
acridines such as proflavine. Acridines act in this way only on the phage-
infected cell, not on free phage, and the action does not need light. It is
suspected that the mistake occurs during either replication or recom-
bination, from the acridine slipping in between adjacent base-pairs and
forcing them apart (Lerman, 1961). It is postulated that the mutants
produced come not from the alteration of a base (as in the case of nitrous
acid) but from the deletion or addition of one or more of the bases.
Mutants of this type, which includes many of the spontancous mutants
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of the rII locus, have certain characteristics in common. They are usually
nonl_eaky (that is, the activity of the gene appears to be completely
lacking, rather than merely reduced); they cannot be reverted by base-
analog mutagens, such as 5-bromouracil or 2-aminopurine; when they do
revert, either spontaneously or in the presence of acridines, they usually
do so by making a second mutation not too far from the first one. By this
method, many such mutants in the B1 and B2 segments of the B cistron
have bfaen isolated. It is found that they fall into two classes, called for
convenience + and —. For the purposes of explanation, the + class
can be considered to have an extra base, and the — class to have one
base too few.

Bs'r gen.etic recombination, these mutants can be put together in one
gene in pairs. Pairs of the type (4+ +) or (— —) show no function, but
pairs of the type (4 —) behave rather like the wild type gene prov,idcd
the two mutants are not too far apart. How far this can be dep;:nds upon
whether the -I- is on the left or the right of the — on the genetic map.
We thus have the interesting situation that two mutants, either of which
scparately will completely destroy the function of the gene, will, when
combined.within the same gene, allow the gene to function.’ ,

All this can be neatly explained by assuming that the message is
read from one end in groups of a fixed size, and that in this part of the
gene small alterations to the message may not make much difference
to th.e function. Let us suppose that the message is read off, from a fixed
st'artmg point, in groups of three bases at a time. The addit’ion of a base
W?H throw the reading out of phase, and beyond that point the message
\v.lll.be completely wrong. Hence sueh a mutant will have no fl)l](“triOH
Similarly for the deletion of a base. However, for a double mutmllt ot:
ltjllsttitpe (+ —) tI}e message will only he incorrect hetween the two
o ;;:)&1:1;1{ ]t)l:(;vgclre](ei. this distance is not too great this may not alter

The strongest evidence that the message is read from one end ecomes
fr(?m the study of a mutant (the deletion 1589) which appears to lmv;'
joined the A and B cistrons together. This mutant has lost a part of hoth
the..ﬁ_x and B cistrons. In spite of this it still shows some B cistrn‘n
activity. Normally any mutant that maps wholly within the A eistron
does not affect the activity of the B cistron, and vice versa. This suggests
t‘hat there is something between the two cistrons that makes them (hs-
tmct-'. It was argued that this small separating region would have been
lost in th(? mutant 1589, and that, since there was now nothing to keep
the two c1strqns apart, they should be joined together, This proved to
be thfe case, since a mutant of the acridine type in the A cistron, when
combined in the same gene as 1589, now destroyed the function 7of the
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B cistron. This has been true for all seven acridine mutants so far tested.
Base analog mutants or deletions, on the other hand, when combined
with 1589, allow the B function to be expressed in about half the cases
tested (for further results see Benzer and Champe, 1962).

It thus seems very likely that the message is read from a fixed point,
probably from one end of the cistron. However, in biochemical terms we
have two readings: the reading of the messenger RNA from the DNA,
and the reading of the protein from the messenger RNA. Although there
does not appear to be any very direct evidence it is more reasonable to
assume that the latter process is the one disturbed in acridine mutants.

This genetic evidence is very compatible with the biochemical evi-
dence, reported earlier by Bishop et al. (1960), Dintzis (1961), and
Goldstein and Brown (1961), that the amino acids are assembled into
the polypeptide chain in a linear order starting at the amino end.

C. The Coding Ratio and the Size of the Codon

The obvious way to find the coding ratio is to find the size of the
piece of nucleic acid coding a protein of known length. Unfortunately it
is as yet very difficult to do this with any precision. The usual method
is to estimate the fraction of the total DNA of the organism that consti-
tutes a particular gene by comparing the length of the gene on the
genetic map with the total length of the map. Such an estimate can be
only approximate for a variety of reasons. It suffices to say that, in the
few cases for which the data is available, the results come to small
numbers between, say, 2 and 10.

The recent experiment of Bautz and Hall (1962), in which they
appear to have purified the messenger RNA for a particular gene, sug-
gests another possible approach, but here too the method is not likely
to lead to a result one can trust without a lot of careful work.

A quite different method comes from the genetic work on the acridine-
type mutants of the rII locus of phage T4 described in the last section.
Whereas two of these mutants, of like sign, when combined in the same
gene, still give the mutant phenotype, three such mutants, if close enough
together, combine to give a phenotype resembling the wild type (Crick
et al., 1961). This obviously suggests that the coding ratio is three. While
this is the most likely interpretation, the evidence would also be com-
patible with it being any multiple of three, though subsidiary observa-
tions make this less likely. Unfortunately, more elaborate theories are
also not completely eliminated. For example, a code in which the com-
mon amino acids had codons of three bases, while a few of the rarer ones
had codons of only two bases, might still be compatible with the results
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reportec'l so far, though it would be difficult to reconcile them with a
predominantly c'ioublet code of the type suggested by Roberts (1962)
tweii f;l:)((ai O(;?d)etlhs nonover]apping (and there are no dummy bases be-
It oo codo s elaveljage size of the codon will equal the coding ratio.
o : Is overlapping, or partly overlapping, it will be greater than
1e coding ratio. At th.e moment we have no evidence on the codon size
2‘?3‘,3 rflrom.tha.t d'escnbed above for the coding ratio and the absence
base: apping, which together suggests that each codon consists of three
the'l;l;?;:nlil ox;e argument frequently ‘used about the probable size of
e codo hat seems to me to be quite without foundation. Physico-
emica st}1d1e§ have shown that the binding of a trinucleotide to a
polynucelotide is rather weak. Therefore, it is areued d
have more than three bases. , uec = codon must
Whe’flhg(r:n Irnmgi)t have been some point in this argument at the time
e g0 a-less codes were being considered, since such codes could
ow the sSRNA to attach to the template well ahead of the growin
point. All the more rec‘ent work suggests, however, that the synthesig
prgceeds one step 'at a time, and that the sSRNA need only attach at the
actual growing point. This could have a very special environment, and

indeed one would certainly expect to find there protein catalyzing the

actt;:l chemical act of. polymerization. Thus there is no reason why this
all‘z si: st;mﬂd not assist, unspecifically, in strengthening the binding of
e . anfl, as far as .I can see, even a codon with one base would
suffice from this point of view. After all, DNA appears to be synthesized
in a highly specific manner, one base at a time. g T

D. Is the Code Universal?

The four bases and the twent, i i

y amino acids seem to be essentiall
:ﬁe same throug!lout nature but it does not follow that the code relating
ac;a(rin is nec.essarlly everywhere the same. Of course, if each of the amino
il : v;;re In some way structurally related to the triplets that represent
. cso - t:)si ( 196_2) aplpe;,rs to believe] then we should certainly expect

e universal, but so far no one has been able to su

c 1 ; ggest an

ila;::lsbii i;my md?fvfliuc? they could be stereochemically related. Indeezl,
ve . .

on TLay. ry difficulty which led to the adaptor hypothesis (see Sec-
b E,t useg. ftf,io be argued that once a complete code had arisen it would
be Ietry ifficult to change since any alteration in the meaning of a
am}; e w]ould prqduce changes in almost every protein in the organism
would thus in all probability be lethal. This argument would lose
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. . et
some of its force if the code were degenera?e and if one pa}x}‘tlc.ularatgg\lli
were used very infrequently. For instance, in an orgamsmb avmr%3 o
very high in G and C the triplet AAA would tend to be ra; ;;,ctivat_
these circumstances mutations in the sSRNA an'ctl the api[)rlrgp:;?git s
: i i meaning,
i me, which would allow it to chgnge its : N
;:Eh:lnzlyf iI’I the course of further evolution, the base ratio of thehgli\ilg
of suc;h a’n organism drifted back from thu;] ex;,reme vafa.ll-xe] ;,ochx;lin e
i AAA might become fair .
more A and T, then the triplet - bec : e
imitive stage all orga
All this supposes that at some very primit Ty
is mi happened if the system a
had the same code. This might have e by
it i jous that the code should have ev '
once, though it is not obvious ; B O versition.
i isti itions to a simpler system w1
whole series of distinet additions s i
i it i atisfactory to have to arg
tion occurring. In any ecase, 1t 1s very uns e
’ long time ago under quite
about events that took place a very ' e o
iti i ts that might conceivably
conditions, or about very unlikely even bl e
’ in biolegi i All such arguments, in
occurred anywhere in biological tlmf%. b ho last
i i the twenty amino acids
analysis, amount to saying that, since o
;Llrrlinrsa,l and have not changed, one ex.pect; t}:n: slafme of the code. This
nt is plausible, but not convincing by 1tsell. ]
Mg‘;‘rgﬁtunate?y in thé last year or so, experlmenta! evldtlen(r:le‘ah};alsn :tc}f:d
ti 11 be universal.
mulated suggesting that the code may well : e g
i i icular protein in a cell-free system,
used is to synthesize a particu ' Lo, e
d some from another. ,
f the components from one species and ' ; hus,
i(:)r:eE(l)lrenstein and Lipmann (1961) synthe§1zed hemoglopm usz}r}sazlsge
somes front rabhit reticulocyte combined “"lth sRNA (w1t‘l‘1ﬁra ; o
imwine attached) from E. coli. The autoradlogra;?hs of the. nge S i].ar
of the tryptic digests suggest that the hemoglotl))l.n n']ra]de 18 xeelxi?'m;,:}r:h“
i i i A ) bbit hemoglobin. This exper as
to. if not identical with, normal ra ( . o
ir 3 'on Ehrenstein, Weisblum, and Benzer,
sinee been successfully repeated (von pnd Benzen
icati i NA from both yeast and Micr
crsonal communication) with sR ' 1
?ysodcikticus (which has a DNA with a high GC conte.rtl)t)t; Lo it this
. Assuming that the sRNA has the role usua!ly a.ttrl uted . \ e
certq%nly suggests that the code for mammals is fairly similar to
hicroorganisms. ‘
or lillore re%ent]y it has been shown by Tsug:itabet (iil(.i.(IQ’(Ii‘i)I \;}Klt\z X
.y . ing
in very similar to TMV protein can l?e made by a '
ltjsoftlm(i']‘l/-flzc system from E. coli. A similar experiment on th6ez)pr0tem
of 1(;he RNA phage 12 has been reported l()yggs;.thtini ii, al;ﬂ{{ lagline.phos_
i l. (1 at the
Tt has been shown by Signer et a . :
L epi i tia marcescens 18
E. coli cpisome in a cell of Serra ;
phatase made by an ‘ ; ‘ e
imi i i th, that made in cells of &. ,
-ery similar to, if not identical with, .
;\liie distinet from the alkaline phosphatasc made by 8. marcescens
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itself. The techniques used were starch electrophoresis and fingerprints
of trypsin digests. E. coli DNA has 50% (G + C) whereas 8. marcescens
DNA has 58%. They conclude “the type of enzyme synthesized by the
cell appears to be determined solely by the genetic material and not by
the cellular environment.” A similar experiment, using the enzyme g-
galactosidase, has been carried out by Jacob in collaboration with Stainer
and Condamine, and briefly mentioned by Jacob (1961).

All these experiments suggest that the code may well be universal,
but they might also be compatible with codes that, while mainly uni-
versal, differ slightly from one organism to another.

Fortunately, it should soon be possible to test the matter in a more
direct manner by adding synthetic polynucleotides to cell-free systems
from different organisms. A start has already been made by Arnstein
et al. (1962), who have shown that the stimulation of phenylalanine
incorporation by poly U also occurs in a cell-free system from rabbit

reticulocytes. [See alss Weinstein and Schechter (1962) and Maxwell
(1962).]

ill. The Cell-Free System

A. Experimental Results and Interpretations

The biochemical details of this system will be mentioned here only
very briefly. The components are usually obtained from E. coli.

The system generally consists of washed ribosomes, sSRNA, and a “supernatant”
fraction. 1t is usually supplied with amino acids, GTP and ATP (and usually an
ATP-gencrating system). Mereaptoethanol, or some similar compound, is usually
present and the concentration of Mg** is critieal; a typical value is 15m3. RNA or
various synthetic polynucleotides may be added. Very little net synthesis takes
place and, to study amino acid incorporation, one or more of them js made radio-
active. At the end of the incubation (15 minutes at 37° is often used), the “protein’
is precipitated, for example with hot trichloroacetic acid, washed, and counted.

This system, developed by the studies of many workers, is deseribed
in detail by Matthaei and Nirenberg (1961), who refined i, They con-
firmed earlier reports (Tissieres et al, 1960; Tissiéres and Hopkins,
1961) that amino acid incorporation was partly inhibited by DNase and
showed that, while the initial rate was unaltered, the subsequent incorpo-
ration was greatly reduced. This suggested that the DNA had been
acting as a template for the synthesis of mRNA, which in turn was
acting as a template for protein synthesis. They, therefore, added RNA
from various sources, and found that the RNA from tobacco mosaie virus
greatly stimulated amino acid incorporation |a similar stimulation by
the RNA of turnip yellow virus was found by Ofengand and Haselkorn
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(1962)]. In addition, they tried adding various polynucleotides and
made the spectacular discovery that polyuridylic acid (poly U) produced
an enormous increase in the incorporation of phenylalanine, and appar-
ently of no other amino acid. Moreover, the product had the rather
unusual solubility properties expected of polyphenylalanine (Nirenberg
and Matthaei, 1961).

The incorporation needed the usual components—the ribosomes and
the supernatant fraction—and was inhibited in whole or in part by
puromyein, chloramphenicol, and RNase, but hardly at all by DNase.
The presence or absence of the other amino acids made no difference to
the incorporation of phenylalanine. In a subsequent paper (Nirenberg
et al., 1962), they showed that phenylalanyl sRNA was an intermediate
in the synthesis.

This discovery completely revolutionized the biochemical approach
to the coding problems, since it offered a relatively simple way of attack
by determining which polynucelotides stimulate the incorporation of
which amino acids. The initial resuits, however, were rather negative.
No significant stimulation was obtained with poly A, poly H, or poly C,
although the latter appeared to produce a small incorporation of proline.
Nor was appreciable activity given by a “random” poly A,U} The
important observation was made that a mixture of poly A and poly U
(which combine to form a triple helix of one poly A and two poly U)
did not stimulate the incorporation of phenylalanine. This suggests that
single-strandedness is necessary for activity.

On the important question as to whether the synthetic polyribo-
nucleotides act catalytically or stoichiometrically, the present evidence
certainly suggests that they work more than once. Matthaci et al. (1962)
report that under the best conditions a little less than one molecule of
phenylalanine is incorporated for each molecule of uracil added as
poly U. (This has been confirmed by other workers.) In addition, it has
been shown (though not necessarily on the same incubation mixture)
that much of the added poly U is rapidly broken down shortly after
being added to the system, whereas phenylalanine incorporation goes on
for some time (Nirenberg; Boye, both personal communications). This,
taken with the fact that the code is unlikely to be overlapping, makes
it very improbable that the poly U is acting stoichiometrically.

The most extensive work on the incorporation stimulated by polymers
of mixed composition has been done by Ochoa and his colleagues
(Lengyel et al., 1961, 1962; Speyer et al., 1962a,b). Using polynucleo-
tide phosphorylase, they synthesized polyribonucleotides containing only

1The comma in poly AU indicates that the proportions of A and U are

unspecified.
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TABLE 1I .
AMINO AcCID INCORPORATION INTO PROTEIN STIMULATED BY RANDOMLY MixEp POLYNUCLEOTIDES®'®

Composition of

Polynucleotide UA uc UG UAC UGC UGA coding units®
Base-ratio U =0.87 U=0.39 U=0.76 U=084 U=034 U =0.675
A =013 C=061 G=024 A=0.050 G=0.152 G =0.291
C=0.116 C =0.502 A =0.034
Probability of TUU—100 UUU—100 UUU—100 UUU—-100 UuU—100 UTU—100
triplet relative  UUA— 13 UUC—187 UUG— 32 UUA— 6.0 UUG— 46.2 UUG— 43
to phenylalanine UAA— 2.2 UCC—244 UGG— 10.6 UAA— 0.4 UGG— 21.0 UGG— 19
(UUU = 100%) AAA— 0.3 CCC—382 GGG— 3.4 AAA— 0.02 GGG— 1.0 GGG— 8.1
‘ UUC— 13.9 UUC—147 UvAa— 5.1
UCC— 1.9 TUCC—218 UVAA— 0.26
ccC— 0.3 CCC—332 AAA— 0.01
UAC— 0.8 TUGC— 68.1 UGA— 2.2
AAC— 0.05 GGC— 31.7 GGA— 0.1
ACC— 0.12 GCC—101 GAA— 0.01
Amino acid
Phenylalanine 100 100 100 100 100 100 UUvU.
Arginine "0 0 1.1 0 49.3 2.9 UCG.
Alanine 1.9 0 0 1.0 40.4 0.9 UCG...
Serine 0.4 160 3.2 3.6 170 2.3 UUC.. 4 UCG
Proline 0 285 0 0 188 Q UCC...
Tyrosine 13 0 0 8 1.0 8.6 UUA.
Isoleucine 12 1.0 1.0 4.8 5.4 8.4 UUA.
Valine - 0.6 0 87 0.4 29.8 75 UUG...
Leucine 4.9 79 86 5.1 157 44 UUC.. + UTG...
Cysteine 4.9 0 35 0 6.4 46 UUG... or UGG
Tryptophan
Glycine i ; (()) 14 0 1.6 23 ifele]
Methioni ' 12 0.5 9.7 o
.me 0.6 0 0 16 UGG...
Glutamie acid 1.5 0 0.6 1.5 8 UGA
Lysine 0 1.2 0.44 6.2 UGA. ..
UAA...(D)

@ Taken from Matthaei ef al. (1962).

figures in the main part of the table represent the inco

* The
expressed as percenta,

percentage figures was +3.

¢ Sequence of nucleotides in a coding unit is not specified
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reported by Matthaei et al. (1962). The essential features are reproduced
in Table 11, taken from their paper. This should enable the reader to
grasp the principle used in allocating triplets and to form some idea of
the agreement between theory and practice. It should be noted that this
agreement might be improved by allocating further triplets, especially to
phenylalanine. For example, the results for poly U,G,C would fit better
if one gave (UUC)? to phenylalanine in addition to UUU, and also gave
both (UCC) and CCC to proline. This illustrates some of the diffi-
culties of interpretation that arise.

The triplets allotted by these authors agree with those of Ochoa’s
group, except that they do not confirm (UUA) as one of the triplets for
leucine, nor the doubtful (UCC) for threonine. Matthaei et al. (1962)
are not clear whether cysteine is represented by (UUGQ) or (UGG).
They suspect that, in addition to (UUC), serine may also be repre-
sented by (UCG).

It has recently been reported that a poly C,A containing either 85%
or 63% C will stimulate the incorporation of proline and some threonine
and histidine (Bretscher and Grunberg-Manago, 1962). The poly C,A
was carefully analyzed and contained less than 1% U (and about 0.8%
G). Tt has also been found that a poly A,G,C stimulates the incorpora-
tion of several amino acids (Bretscher, personal communication). How-
ever, the possibility has not been eliminated, in either of these cases,
that some deamination may not take place in the incubation mixture.
With this reservation, it appears that a polymer need not contain U to
work in the ccll-free system, though polymers with an excess of U
certainly seem to work best.*

B. Criticisms of the Experiments

There arc so many criticisms to be brought against this type of
experiment that one hardly knows where to begin. The major criticism
of the work is that there is no measurement of the composition of the
polynucleotides used. The assumption that the polynucleotides have
the same composition as the incubation mixture from which they are
made is known to be invalid in some cases, especially for mixtures in-
volving G. Reluctantly, one must put to one side most of their results
for polynucleotides containing G until their composition has been

measured.*
A second major criticism is that small amounts of ineorporation

3UUC denotes a triplet with the bases in that order. (UUC) denotes a triplet
in which the order of bascs is unknown.
* See Addendum.
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ignored, either because the mechanism skipped over them in some way
or, alternatively, if they led to spaces in the transcription, that is, to
short polypeptides, which nevertheless were sufficiently insoluble to be
precipitated by acid. For example, since only two of the three possible
triplets of (UUC) have been allocated to amino acids, it is tacitly
implied that one of them is nonsense. Thus, a polymer with the composi-
tion of 5 U’s to 1 C would lead fo a nonsense triplet about one time in
six, and the average length of peptide (assuming no skipping) would
be about 5 residues, assuming that the base sequence is random.

The other theoretical difficulty in allocating codons concerns polymers
that do not stimulate incorporation appreciably, such as poly C. At first
sight this suggests that CCC is a nonsense codon, but another alternative
is that poly C may not work because it has secondary structure, for
which there is some evidence in that it shows some hyperchromic change
with temperature, unlike poly U, which shows none. In fact, there is a
suspicious correlation between polynucleotides with secondary structure
and inactivity in the cell-free system. In particular, it has been shown
(Nirenberg and Singer, personal communication) that if polynucleotides
containing U and various amounts of G are tested in the cell-free system,
there comes a point, as the proportion of G is increased, when the
incorporation activity starts to decline. This is just the point where
physical chemical studies show the onset of secondary structure.

To give an example, the triplet (UCG) has been allotted to arginine,
but there is no strong reason why this amino acid should not also be
given the triplet (GGC). Even if a poly G,C does not act in the cell-free
system, it would have to be shown that this failure did not corme from
secondary structure, from a nonsense triplet (such as perhaps GGG),
or from a failure to recover the peptides owing to too high a solubility,
before it could be shown that (GGC) does not code arginine.

The methods used by Ochoa’s group, then, if carefully applied, can
Jead to the plausible allocation of certain codons. For example, the quan-
titative studies of Nirenberg and his colleagues (unpublished) make it
highly probable that (assuming triplets) one of the (UUC) codons repre-
sents serine and one of the (UUG)’s represents valine. But to attempt
to identify other codons for serine and valine leads to many difficulties.
“Errors” of incorporation, lack of randomness of sequence, failure to
recover certain peptides, and uncertainties about secondary structure all
make the allocation of further triplets very precarious.

D. On Random Sequences
In interpreting the incorporation stimulated by synthetic polynucleo-
tides in the cell-free system, it is usually assumed that the sequence of
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F. Polynucleotides Containing Unusual Bases

A start has been made (Basilio et al., 1962) on the study oilr)'olyrfe(ri
containing bases other than the standard four. Thus a poly Ii., .tm(;of Izhe
rates in a way very similar to a poly U,G, although the activity

TABLE III
Tue Ocuoa TRIPLETS ASSESSED
Probable
Jertai 's alone
U 100%2 Certainly coded by U 8 al
Fhe o ’ Codon may be ambiguous
uucC 25% N,b B¢ i o
?’er:) EUCC)) 8"/507 N, B, certainly high in C
Tleu (UUA) 20% (N, B)
Tyr (UUA) 25% (N, B)
Val (UUG) 209, N
Leu (uuG) 129 N
Try (UGG) 5% N
Possible

Ala (UCG) 3% N

Arg (UCcG) 3% N

ACSPN Egﬁé)) 2;% N, observed only half expected incorporation (non-

v random sequence?)

Gly (UGG) 4% (N)

Lys (UAA) 3% (N)

The (040 oor gqf)ﬁ ult to assess

99 iffic .
’II:: zgﬁ?) 14‘2 (N, B) but amount less than expected. Difficult to
a88e88 .
Le (Uuce) 20% (N, B) but amount less than expected. Difficult to
* assess
Doubtful
i i tain U
G 24% No evidence it has to con i

‘éﬁllp ?IJJ;:G; 1!;‘57:; No evidence it has to conta{n U

H'u (UAC) 3% No evidence it has to contain U

G:SN (UCG)4¢ 0% No evidence at all from cfall-free system

“N (UAC) - No direct evidence for this ) el
Q‘ilp (UCC) 6% ? by Ochoa. Results of N and B make it unlikely
r

e The percentages are taken from Table 2 of Speyer et al.l (119(§2b). They show the
incorporation, on a molar basis, compared with that of phenylalanine.

¢ N = Nirenberg and colleagues] without parentheses = quant..itative ;upggrt
¢ B = Bretscher and colleagues ) with parcntheses = observation confirm
4 Guessed from mutagenic change in TMV protein.

»
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former appeared to be rather less than that of the latter. That H acts
like G has been confirmed by other groups (Nirenberg; Bretscher and
Grunberg-Manago, both personal communications). No poly U,X has
been synthesized, but the action of nitrous acid on poly UG, which
would be expected to turn G into X, drastically decreased the activity
of the polymer.

Both these results might have been expected from similar results
obtained with the DNA polymerase and the RNA polymerase, and are
broadly compatible with what is expected from considerations of base-
pairing, though it has never been completely clear why xanthine always
acts quite so badly. Preliminary work has also started on the synthesis
of polymers that contain bases unable to form the standard base pairs
{Lengyel, personal communication).

Haschemeyer and Rich (1962) have tested poly T (polyribothy-
midylic acid) and found that it does not stimulate the incorporation of
phenylalanine. They do not state whether they tested other amino acids.
They surmise that this may be because poly T may form a multistranded
helix with itself (Rich, unpublished observations).

G. Summary

At this point it may be useful to see what general conclusions can be

drawn from the work on the cell-free system. The positive conclu-
sions are:

(1) The amino acid incorporation produced by any particular poly-
mer is quite characteristic, and, in general, different for poly-
nucleotides of different composition, though it may not be
completely specific, since some variation in incorporation is
observed.

(2) The four letters A, U, C, and G appear distinet in their meaning,
since the incorporations produced by poly U, poly U,C, poly
U,A, and poly U,G are all quite different from each other. Thus,
two-letter codes, such as one in which U =G and A = C, are
eliminated. As might have been expected, however, H appears
to act very like G.

(3) The incorporation is unlikely to be a complete artifact, since
biochemically it appears to require the same steps as genuine
protein synthesis (involvement of sRNA and ribosomes, the
effects of inhibitors, etc.), and there is some correlation with the
mutagenesis results (Section IV) and with Sucoka’s (1961a,b)
results on over-all composition (Section V,4). This is too good
to be simply chance.

(4) Assuming a triplet code, about one third of the codons suggested
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by Ochoa and his co-workers are likely to be right, and most of
the rest may be correct, though evidence for several of them is AMiNo Acip RE oapLE 1V
inadequate (e.g., aspartic, glutamic, and histidine). FLACEMBENTS OBSERVED IN TMV ProTeN
(5) The synthetic polynucleotides probably work more than once, Change observed
that is, catalytically rather than stoichiometrically. r .
. . . om to Peptides Cases Author
The following negative results should be kept in mind:
. . . From HNO;
(1) It has yet to be shown by a direct method that the amino acids
incorporated are in peptide linkage.* 2:5 Gly I11(61) 1 T
(2) The size of the polypeptide chains produced and their end groups Ar: g:y 1X(134) 1 T
have not yet been determined. Y X(122) 1 T
(3) The direction of the code is not yet known; that is, it is not Aspe Ser 1 241 We
. . . AspN Se +T
known whether the end of the polynucleotide having a 3’ hy- AspN T VI(73) 1 w
droxyl corresponds to the amino or to the carboxyl end of the P Ser X1 1 w
polypeptide chain.* Asp* Gly 1 9 W
(4) There is no direct biochemical evidence on the size of the codon. Asp Gly v 2 W
(5) The total number of codons standing for amino acids is not yet Asp Ala I 4
known even approximately. It seems likely that there are at Asp* Ala X 2 ,}V
least two codons for leucine. There is no convincing evidence to GluN Val I
suggest that all codons must contain U and fairly good evidence 2 w
that some do not.* Glu Gly VIII(97) 141 W4T
(6) Tt is not known which codons are nonsense, nor, even approxi- Tleu Val 124) 1
mately, how many there are of them, nor what the system does lleu Val X 2 vvg
when it encounters such a codon. Tleu Mot
I 1 w
IV. Amino Acid Changes from a Single Mutation Leu Phe I 1 W
Pro
A. Experimental Data . Ser 1V(63) 3 -
Many cases are known of species or strain differences in the amino ]J:Z if: I 1+1 W4T
acid sequence of a protein and it may well be that many of these differ- i X1(156) I T
ences have been produced by the change of a single base of the nucleic Sf: ;)’he I 1 W
acid. This, however, is a dangerous assumption to make at this stage, Ser Pi: x};{(“’s) 342 W4T
especially if the two proteins differ in a number of places along the 1 T
polypeptide chain. 22: Leu I 1 W
The changes considered here are those in which the two sequences Leu I11(55) 1 W
differ only in a single amino acid or can be considered to be very closely Thr Ileu 1 9 W
related biologically. Most of the data comes from the studies on either :lrﬁ“ Tleu 111(59) 9 W
the protein of TMV or on human hemoglobin. r Tleu X 4 w
The protein of TMV has been extensively studied by Wittmann Thr Met VII 3 -
Thr Ser I 9 -

*See Addendum.
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TABLE IV (Continued)

Change observed

from to Peptide® Cases Author

From spontanecous mutation

w
Aspt Ala 1 i .
AspN Arg I : Ll
AspN Lys XI : il
Tleu Thr 1% : w
Leu Phe : Ll
Ser Phe 1
From N-bromosuccinimide
Arg Gly I1(+6) ; $
Aspt Ser : : T
Asp* Ser ; : a
Heu Thr ! . .
Pro Leu
From dimethylsulfate
T
Pro Teu "1’ 3 T
eu
g;: Phe X1(138) 1 T

. R X ide.
The roman numerals indicate that the change is ul\ a pu.rtt:xcular l;;l);pgsl ;)::;; ;e
X it i 'n) the position on
\ i theges shows (where it is known) y
rllhe' nm::i:l:elrli‘n{:fr:;n the amino end. The multiple changes observed l?y '{‘ifz:lglta have
n h .
Eéz;n,omitted as it is suspected that they may have arisen from contamina
b T = Tsugita (1962).
e Agp* stunds for Asp or AspN.
4 W = Wittmann (1962).

(1962) and Tsugita (1962). Most of the changes have .been }Zrod;moi(ril
by nitrous acid, many of them in what appears to be a single sde;‘)“S ro“_
t}}),e common wild-type strain of TMV. Others hm‘re' o.c((i:un;eN BSI;; >
taneously,” or have been produced by N-bl‘OI.IIOSUCCInlml eT1 5D or
b dimet;]ylsulfate (DMS). They are listed in Table IV.. he ?ipsted
t;’neous" changes observed in “‘abnormal” human hemoglobins are
] ble V. ‘
® 'I"I‘awoe cautionary remarks should be made al;lout S;)]Ch (:;z;z:le 1;1)1,'32,
ti i appear to have been )
although a particular mutation may R e e, conce
i utagen, onc can never be completely ce : ',
{)l?::éc?:a:l\?:lysga background of spontaneous mutation; 1n the work on
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TABLE V
AMINO Acip REPLACEMENTS IN Human HEMOGLOBIN®
Position® From To Name of hemoglobin
a-chain
16 Lys Asp HbI
30 Glu GluN Hb Gronolula
57 Gly Asp Hbyaron
58 His Tyr Hb Mposten
68 AspN Lys Hb Grpitadotphis
B-chain
8 Glu Val Hb S
6 Glu Lys Hb C
7 Glu Gly Hb Ggaq Joee
26 Glu Lys HbE
63 His Tyr Hb Mgakatoon
63 His Arg Hb MZyion
67 Val Glu Hb Muiiwaukeo
121 Glu GluN

Hb Dg Punjab-D7y

= For references see Smith (1962a) or Perutz (1962).
® The numbering is from the amino end.

TMYV, precautions have been taken to make this background as low as
possible. Again, even if chemical studies have revealed the usual action
of a mutagen, rarer side reactions cannot be ruled out. Thus it is unwise

to put too much weight on changes (for example, Ileu — Met) that h

ave
only becn observed once.

Second, it is important to realize that one is seeing mutations through
a phenotypic screen. Only those changes producing a tolerably acceptable
protein will be picked up, and many possible changes may be expected
to be lethal or sublethal. Again, the actual technique used may select
only certain changes. All those observed so far in the human hemoglobin
produce an alteration in charge and, indeed, most of them were originally
detected by electrophoretic differences between the mutant and the wild-
type protein, Nor is it surprising, for example, that for TMV protein no
changes have been observed starting from either methionine or histidine,
since those amino acids do not occur in the wild-type protein.

Amino acid changes in the A protein of the tryptophan synthetase of
E. coli have been reported by Yanofsky and his collaborators (Yanofsky
et al., 1961; Helinski and Yanofsky, 1962). The changes so far published

concern a glycine in the wild type that in one mutant (A-23) has become
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ini i - laced by glutamic acid.
arginine and in another (A-46) has been rep . )
B(ih mutants were produced by ultraviolet light. Genetic studies have
shown that A-23 and A-46 can give wild recombima,nt.‘zf tho_ugh at a low
rate. This suggests that the two mutants are altered in different bases

in the same codon.*

B. Mutagenic Patterns ‘ . '
The main changes expected by the action of nitrous acid are:

C—-U
A-H=G

since nitrous acid turns adenine into hypoxanthine, which is then ex(;
pected to pair in the same way as guanine. No eﬁ.'ect wou!d be exp.ecte

- on uracil, and the xanthine produced by the act}on of mtrous. acid on
guanine will either pair in the same way as guanine, or, more likely, be
lethXZsuming, then, that the two changes set out above are the only ox.le(si
that can oceur, it is possible to work out the pattfarn of chang(.as produc(?

by nitrous acid on the sixty-four tripl?ts. A typlc.al. pattern 1s’ Sho:;% 3n
Fig. 1. This figure contains all those triplets containing only U’s and C’s.

ccc

uuu

F1a. 1. The changes expected to be produced by nitrous acid for ;elight of 12:-,:
sixty-four triplets. This figure is referred to in the t_ext 8s 8 cube. The comv;;, ote
mutagenic pattern for all the sixty-four triplets consists of eight cubes (see

mann, 1962, who calls them octets).

It can be seen that the arrows can be placed to fall on.the edges of a
cube, with a triplet at each corner, and this pattern will therefore be
)

*See Addendum.
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called a cube. The sixty-four triplets fall onto eight distinct cubes, each
having at the top a triplet containing only A’s and C’s and at the bottom
a triplet having only U’s and G’s.

The corresponding pattern for a doublet code is the diamond, shown
in Fig. 2. The sixteen doublets fall onto four distinct diamonds. Notice
that if we consider the class of all the transitions (that is changes of one

2\
N

Fra. 2. The changes expected to be produced by nitrous acid for four of the
sixteen doublets. This figure is referred to in the text as a diamond. The complete
mutagenic pattern for all sixteen doublets consists of four diamonds.

purine for another purine, or one pyrimidine for another pyrimidine)
we get exactly the same patterns except that the arrows now run in
both directions, since the transitions are:

CeU
AogG

We now consider the class of nondegenerate codes. Then it is easy to
see that it is impossible to produce a triangle by transitions alone. The
only way to obtain a triangle is to have the situation:

AXY

N
. BXY. —CXY

which is only possible if we have one transition and two transversions.
Since nitrous acid is believed to produce only transitions, one should not
obtain a triangle from a nondegenerate code with nitrous acid.

The importance of mutagenic patterns becomes apparent when one
studies codes that are logically degenerate, since the pattern expected
is independent of the allocation of triplets to amino acids. Thus, pro-
vided only one set of triplets is given to each amino acid, the mutagenic
pattern for transitions for the code proposed by Woese (1962) can easily

be shown to consist of two cubes and two diamonds. No triangles can
oceur.
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C. Interpretation . . .
The combined results for all the nitrous acid mutants of TM

i ow
shown in Fig. 3. It is striking that in no case do we have an arr

(uac)
UAA}

GwN  (uaw)lev --L o Mer(uac) Serfuuc) Leu{ucu)

I N

Leu{uus) Pre(vuy)

Var (ugu)

(ucc)ALa < A Asp(uac) Arc(uce) Gru(uca)

2 b

]
v
Guy(uce)

i i itrous
Fic. 3. The amino acid replacements observed in T™MV ’?\;lotiuil lz:;ftt,se;rr.euthose
id :G. tr.neut The numbers show the number of occurrences. The :‘ l:) e acted
oo Te: by L-engyel et al. (1962). Solid arrows show agreement wl
propose .

changes, dotted arrows disagreement.

i irecti amino acids. If we have the
runningAln b](})thth(i: etc}:‘;mcllslatn)egzwlge: tzv?s not observe.d. This ‘is exactly
gi?ar::gi'e c:pec’t if the code is nondegenerate and if nitrous acid acts as
eXP‘I?thgi-“ be noticed that leucine occupies two places In Fhe ﬁgl:;z
Ott ; one obtains a triangle for the changes bet.ween'prolm'e, ser d,

! loueh We also have a triangle for threonine, isoleucine, an
o 'lcu'cme‘b t the change Ileu— Met has only been .obscrved o.nce;i
methmnme’t lrlmw compare the results with Ochoa’s trxp\ets obtalrzt?
f Wihvr:n::l:ll-free system. To facilitate this thg amin9 amd}s:, hav;ib;gtz
prl(:(:led on three lines, the top lin; lbavitrllg an;ix;)l f;,c,;di \Zr (Ls:e Cpand

i or CC, the sccond line those G,
tc,l(l): t%ﬁtﬁrﬁlﬁ% for th:)se with neither. Leucine h%sGl))eeIr; i[;u;,e ;rr: tth“;i
laces, one corresponding to (UUC) and one to (U . B s e
I;11 th:a arrows run downwards, except for two that are

arrow runs upwards.
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Again, this is just what we expect. Incidentally, this strongly sug-
gests that the actual RNA strand of TMYV (and not its complement)
acts as messenger RNA, in line with the experiments of Tsugita et al.
(1962) on the synthesis of TMV protein in the cell-free system,

Next we see which arrows can be accounted for by any change of
a single base. This is possible for all the changes except AspN — Ser,
and even this is possible if we allow AspN to be (UAC). However, when
we allow only the changes expected of nitrous acid (A— G, C—» U),
we find that only eight arrows fit (leaving aside GluN - Val, which was
deduced from this evidence and not from data on the cell-free system),
whereas seven arrows do not. In other words, the detailed agreement is
rather poor. We must conclude either that nitrous acid often does not
act as expected or that the Ochoa triplets are inadequate to explain the
mutagenesis. Of course the situation can be improved by invoking other
triplets, such as (UAC) for AspN and (UCC) and (UCG) for Ser, and
so forth, but it is difficult to know where to stop.

The changes observed in human hemoglobin are set out in a similar
way in Fig. 4. Again, if we allow AspN to be (UCA) all the arrows

)
Lys(uaa) <« — AsPN{g:i) His(uca)
CuwN <«2— Gy(uga) Asp{uac) Trr(uua) Arc(ucg)
I~
VaL{ugu) Gur(uce)

Fia. 4. The amino acid replacements observed in human hemoglobin. The num-

bers show the number of occurrences. The triplets are those proposed by Lengyel
et al. (1962).

correspond to the change of only one base in the Ochoa triplets. How-
ever, it should be remembered that the evidence from the cell-free system
for the triplets for Glu, Asp, and His is very weak, and for GluN is
nonexistent,

My own view is that the general agreement between the mutational
changes and the results of the cell-free system shows convincingly that
the cell-free system is not a complete artifact, and is related to genuine
protein synthesis. The detailed disagreement suggests that the present
allocation of triplets is only partly correct.
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V. Further Experimental Evidence

A. Over-all Composition of Protein and DNA

One of the major dilemmas in the coding problem has been the wide
range of DNA base composition observed, especially for microorganisms
(Lee et al., 1956; Belozersky and Spirin, 1958). The content of G + C
goes from 72% for Micrococcus lysodeikticus to 35% for Bacillus cereus,
and as low as 25% for strains of Tetrahymena pyriformis. Moreover,
the distribution of base-composition of the DNA “molecules” of any one
organism is generally a rather narrow unimodal one (Sueoka et al.,
1959; Rolfe and Meselson, 1959). It was expected, on general grounds,
that the proteins of these organisms would not differ enormously in amino
acid composition, and this has indeed been shown to be the case by
Sueoka (1961a,b).

Sueoka has studied the over-all amino acid composition of the pro-
teins of about twenty microorganisms. Cell wall material was discarded
but ribosomes were included. However, Sueoka showed that for most
amino acids the results were not very sensitive to the conditions of
growth, suggesting that bias from some proteins being commeon while
others are rare was not too great. If the ribosomes are removed, the
composition of the rest of the soluble proteins shows the same correla-
tions with DNA composition, although the absolute content of the basic
amino acids is less (Sueoka, personal communication).

Sueoka reported results for all fifteen amino acids (tryptophan was
not measured) and for (Glu 4 GluN) and (Asp + AspN). By and large
the amounts found did not vary too much from one organism to another,
but for certain amino acids he found a strong trend with DNA base
composition. Thus there was usually about twice as much alanine in an
organism with a DNA having 72% G + C compared with one having
only 25% G + C.

His results can be classified according to their correlation with
G + C content as follows:

—— Tieu, Tyr, Lys, Phe

- His
0 Thr, Leu, Val
+ Gly, Pro

++ Ala, Arg

This is not quite the same classification as given by Sueoka (1961a). I have used
as a criterion the slope divided by the mean value. On this scale (Glu 4 GluN)
and (Asp + AspN) would be —. I have not included methionine (which would
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nominally be — — or —) beca i
3 : use, unlike the other amino acids, th
very variable and show little real correlation with base compositio;'t © results e

Too much importance should not be given to this data and i
:;)letl;; 1\«;}Aacbu‘, shape of the_curves..The protein sample may be b(ie:g):slggg
e DS a;e sequence is certainly not completely random. Neverthe-
codé y rat(}elo a .pqlnts out, the corr.e]ations do support the idea that the
o :ei;]r?;:lai.;efox;r tli]l:yorg]amsmsi{although one wonders about the

) . also make a nondegenerate tn
appefui] unlikely, b.ut are compatible with various degenerate triprl)el:itc:c(i):se
or with a predominantly doublet code (Sueoka, 1961a). ’

o TABLE VI
OMPARISON OF BUEORA’S RESULTS WITH THE Ocnoa TRIPLETS®
- ghe (O)uu
Ilyr (HUA
Leu (HYUA
y8 (UYAA
— His UAC
Ser uucC
0
El;r (MAC
u (Huc
(UHyua
Val (UG
+ Gly UGC
Pro ucc
++
::ln. (MHCG
rg (ncG

o +2120:::%:stinftt}‘1; first colu‘mn s}.mw the correlation found by Sucoka (1961a) with
S con GUZ : e DNA. The triplets are those suggested by Lengyel et al. (1962)
plets or leucine and UCC for threonine have been omitted. . ‘

It is interesting to com i
pare the slopes found with the set of tripl
suggested by Ochoa and co-workers. This is done in Table VI, 1t 1rsll;eeetr?

that excellent agreement i i i i
oy excellens g ent is reached if one is allowed to discard one U

B. The Fractionation of sRNA

, rr’lI‘he hfr]actionati?n of SRNA is important for several reasons. First
g ay help to decide how degenerate the code is. Sccond, it is likely tc;
prove a most useful tool for identifying codons and for comparing them



196 F. H. C. CRICK

in different proteins, and in particular in deciding just how close the
code is to being universal.

Tt is not proposed to review here all the work on the fractionation and
characterization of sRNA, and consideration is restricted to two cases.
Ifolley and his collaborators (Doctor et al., 1961) fractionated yeast
sRNA by countercurrent distribution and find two peaks for leucine
activity and a double peak for threonine. The peaks for alanine, valine,
tryptophan, and tyrosine appear single, though of course each may
consist of a mixture of species. This enabled Weisblum et al. (1962) to
perform a very significant experiment. They tested, in the cell-free sys-
tem, the two leucine fractions separately against poly U,G and poly U,C,
both of which stimulate the incorporation of leucine, and find that one
of the sSRNA fractions, when loaded with radioactive leucine, incorpo-
rates only with one of these polymers, and the other fraction only with
the other polymer. In brief, there appears to be one leucine sRNA
for (UUG) and another for (UUC). This is really the first strong evi-
dence for degeneracy, although Berg et al. (1962) have also shown
chemically that the leucyl sSRNA of E. coli is of at least two different
types. The obvious next experiment is to use the two sRNA fractions,
one labeled and the other unlabeled, for synthesis of a definite protein
such as hemoglobin, and to show that one sRNA puts radioactive leucine
only into certain places in the amino acid sequence and not into others.

Sueoka and Yamane have also fractionated sRNA, this time from
E. coli, using the more rapid and convenient method of the Lerman-
Hershey column (Suecka and Yamane, 1962). They observed what
appear to be multiple peaks for isoleucine, histidine, glutamic acid,
leucine, tryptophan, serine, and valine, and possibly for arginine and
threonine. The profiles for alanine, glycine, aspartic acid, lysine, methio-
nine, phenylalanine, and tyrosine are not unlike single peaks, though,
once again, these peaks may be more heterogeneous than they appear.
So far it has not been proved that these multiple peaks, as in the leucine
case, are genuine evidence of degeneracy, but it is not unreasonable to
expect that some of them are. It is far more difficult to estimate from
the available data the tofal number of different types of sSRNA, and this
must be left to further attempts at fractionation.

By studying the attachment of the amino acid to the sRNA, Berg
et al. (1961) showed that there are in E. coli two distinguishable ac-
ceptors for methionine, since an enzyme prepared from yeast attaches
methionine to only one of them. Other workers have studied the inter-
action between the sRNA from one species and activating enzyme from
another, and find that in some cases the foreign enzyme works equally
well and in others less well or not at all (Rendi and Ochoa, 1961; Benzer
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and Weisblum, 1961). However, if there are two distinct sites on the
sR.N.A, one for interaction with the activating enzyme and one for base-
pairing with the template, we expect, for evolutionary reasons, results
Slml.lal‘ to those reported, even if the code were universal. This evidence
by itself does not prove that the code is not universal. Nor without
further c.axperimcnts can it be assumed that, for example, the two species
of methionine sRNA (mentioned above) each code for different codons
though this may well turn out to be the case. ,

C. The RNA of the Ribosomes

It h.as. been assumed in this paper that the template for protein
synthesis is a special RNA whose composition and sequence follows that
of one chain (or, less likely, both chains) of the DNA of the cell, and
that the rRNA, which accounts for most of the RNA of the cell, is ,inert
and does not act as a template for protein synthesis. ,

Such a view can always be questioned until such a time as the tem-
Plate for the synthesis of specific proteins is clearly identified, and
indeed until some reasonable function is found for the rRNA. It silould
be noted, however, that, whereas viral RNA and even random poly
{&,U,C,G, .when added to the cell-free system, stimulate amino acid
Incorporation, the addition of pure rRNA has little or no effect. It is not
kn9wn whether this is because the rRNA has been damaged, because
of its secondary structure, or because it contains many nonsense codons.

The base composition of rRNA, which is relatively constant through-
out'rfature, though possibly slightly correlated with the DNA base com-
position, has an unusual feature that has been remarked on by Roberts
(1962). It is somewhat similar to the base composition deduced from
thfe over-all amino acid composition of the proteins of the cell, translated
using the “doublet” code of Roberts, which can be loosely described as

the Ochoa triplets with one U removed from each. Woese (1962) has
made a similar observation in relation to the code proposed by him.

The reason for this coincidence is obseure. Of course, if the rRNA
were real}y a specific store for activated amino acids, and if the code
were a triplet code of the XY - type, we might expect this, but, attractive
though the idea is, present evidence does little to support it. This problem
must be left for the future.

D. Genetic Information

.It has yet to be shown that the gene and the protein it specifies arc
colinear, It would be surprising if they were not, and experimental proof
may not be far away. Meanwhile, there are two proteins for which it
has been demonstrated that mutants near one another on the genetie
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map produce changes close to ol?e anotk;erE in tllx;a stxélé?:d at():;d 13{::;:;1:3;
first is the alkaline phosphatase of K. co
E:jinthal, and Garen, and briefly reported by I‘{othman (tm:li{ ;I‘l:i
other, which is better documented, is the A p'rotem of tryptop! I; . nyski
thetase of E. coli studied by Yanofsky and his collaborators { es ; e
and Yanofsky, 1962; Henning and Yanofsky,. 1962a): So ff:r n:hc: g has
been reported that shows good evidence agamst colinearity, \ a 3 ,far
which mutants near together on the'genetlc map produce changes
in the polypeptide chain, or vice versa.
ap;;fu:lrxl zvidf:nczphgs accumulated, espec'ially from the st}ld)l') (:;l tg:
I1 locus of phage T4, on the effect of dlﬂere.nt I'nutagens in omum_
forward and reverse directions, on the charact?rlzatxon of nonsense uter
tion, on the effect of 5-flucrouracil in producing phenotyplf: s‘lllppr:ﬂects
of certain mutants (Champe and Benzer, 1962), and on simi artants—
produced by suppressor mutants in other genes [ambivalent mu e
Benzer and Champe (1961) ]. The last phenox'nenon has also bee? sE L hed
using the tryptophan synthetase and alkaline phosphatase of E.
l., 1961). ‘

(Y%I[‘lgif:kvjv’ofli ‘:vii] not )be reviewed here in detail as I_t would tal}:e tm:
much space to describe it adequately an.d the'conclusmns, thtglg hsugi_
gestive, will necessarily be rather uncertain until suppom.ed bY ioc il}?at
cal studies. However, it should be mentioned that therej is evlldelncet ot
some nonsense codons exist, indicating that the code is unllkewy' oOne
completely degenerate, and that a codon of a gene can be n(;nsenbe 1;1962‘
host and to some extent sense in another (Benzer am.j Clarx?pe, o l,
Garen and Siddigi, 1962). This suggests that the code is not compietely
universal, though it is not easy to see in exactly what way.

V1. Is the Code Degenerate?

A. The Experimental Evidence '
The evidence that the code is degenerate is of two types, direct and
indi i i it is satisfactory.

direct, and, with one exception, none of 1
" 1The,direc(& evidence comes from the cell-free system. It has(,}be;n
claimed that leucine is represented by (UUIC),U (Ii}l;A), ?;e(i c(eUlI)Jy i)t.se]r;

. - .

i f the incorporation of leucine by poly U, this e : .
;:e::)tovcry convincing. However, the demonstration (mentioned %r[l;eg})'
in Section V,B) that one fraction of sSRNA appears to code for (
and the other for (UUC) does suggest that in this case the degeneracy
is real. .

: The original claim that threonine 1s represented by (UCC) ISEiIé])S
unlikely to be correct, but it may perhaps be represented by (
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and (ACC). Other claims, such as (UAA) and (UAC) for asparagine,
are not properly established. In fact, the use of polymers of known com-
position but (presumably) random sequence makes it difficult to discover
if more than one triplet in the polymer is representing a given amino acid.

There is, however, indirect evidence for degeneracy from these experi-
ments, but this involves assumptions about what the system will do when
it comes to a nonsense triplet. Consider the case of polymers containing
only U and C. There is general agreement that such polymers incorporate
only proline, serine, leucine, and phenylalanine and that the relative

amounts, for polymers of widely different ratios of U to C, are compati-
ble with the triplets:

(UCC) Pro
(UugC) Ser, Leu
Uuvu Phe

although there is some doubt about the exact amount of leucine and a
small, somewhat variable, amount of threonine is also incorporated.
There are, of course, in a random polymer of U and C eight different
triplets, so with the above scheme half the triplets would be unaccounted
for. One might expect that in such a situatjon either the polymer would
not work as messenger, or the average length of polypeptide chain
produced would be only two or three residues long. A more palatable
alternative is that all eight triplets are used, as follows:

CCC Pro
(UCC) Pro, Ser, Leu
(UUC) Ser, Leu, Phe
uuu Phe

It will be seen that the relative amounts incorporated in this scheme will
be just the same as for the previous one (represented here by the alloca-
tions in italics), so one cannot distinguish between them in this way.
The usual argument against the double allocation is that it makes CCC
stand for proline, whereas poly C incorporates no amino acids, apart
from a trace of proline. The counterargument to this (as discussed
earlier) is that poly C probably has some (unknown) secondary struc-
ture at neutral pH—in any case, solutions of it are very viscous—and
that it is this secondary structure that prevents the incorporation. In
favor of this view is the fact that polymers with a lot of C and a little
U, or a little A, work rather well and incorporate a lot of proline. This
would be unlikely, it is argued, if CCC represented nonsense; on the

other hand, the small amounts of either U or A ecould easily break up
the secondary structure.
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The matter is clearly an important one, and turns on the behavior
of the system when confronted with a nonsense triplet and on the sec-
ondary structure of the various polymers, both of which at this stage
are unknown.

The other ihdirect evidence is of two main kinds. There is, first, the
genetic argument from the work of Crick et al. (1961) on the acridine
mutants of the rII locus. As stated earlier, a combination (4 —) will
work satisfactorily provided the two mutant sites are not too far apart.
If, however, they are widely separated, such a combination has the
mutant phenotype. It was postulated that this happens because in
certain places the shift of reading frame produces an “unacceptable”
triplet, possibly a nonsense triplet. The position of such triplets depends
upon whether the 4 is on the left or the right of the —, as theory
would suggest. More recent work on the same system (Shulman, personal
communication) shows that such an unacceptable site can be made
“aeeeptable” by base-analog mutagens, and enables the position of these

gites to be mapped.

A very rough calculation suggests that such unacceptable triplets ’

are not too common, or it would not be possible to make (4 —) com-
binations unless the two mutations were very close together. It is thus
surmised that nonsense triplets are rare, and thus that the code is highly
degenerate. However, this assumes that all nonsense triplets prevent
the production of any part of the polypeptide chain. It may be that this
is only true of some of them, which we may call “absolute nonsense,”
whereas others, while not standing for an amino acid, may allow part of
the polypeptide chain to be produced. For mutants in this region of the
B cistron, such a truncated protein might well be active. If this were so,
then the data would merely show that absolute nonsense is rare and
would not tell us how degenerate the code is.

Thus the whole argument for high degeneracy is rather indirect and
involves too many assumptions to be accepted with confidence, although
it may well be correct.

The second type of indirect evidence for degeneracy is the wide range
of DNA base composition found compared with the rather small range
of amino acid composition (see Section V,A). This is most easily ex-
plained by certain types of degenerate code, but alternative explanations
are not completely eliminated. For example, a large part of the DNA
might involve control mechanisms and thus be irrelevant for coding.

Paradoxically, if each of the twenty amino acids were represented
by a triplet containing uracil, as proposed by Ochoa and his colleagues,
this would be rather good evidence for degeneracy. It seems highly
unlikely that all messenger RNA contains large amounts of uracil (Char-
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iaftf(; laiifsii r,n Riigzh;n;]nntet c]zl., 1962). The natural way out of this dilemma
e that the triplets so f i

codons. astually core p ar allocated are only a fraction of the

On the other hand, evid i
: ) ence suggesting that the code is completel

Ir:gon«?egeneratﬁ? is rather. slender and is contradicted by the d;)t: oi

Orut.nnei.Cer.i:alnl.y the. evidence from the cell-free system, either published

. xmpt }:ed in discussion, c!oes not support it. Moreover, the impression

i;ven ka't all. polyfners without uracil have been tried and have failed

sth(t)r is mlslea.dmg, and.there are other reasons, such as secondary

cture, that might explain why certain polymers do not work. The

advancement, at this time, of a
) completely nondegenerat, i ip-
let code would require much special pleading. ¢ © universal trip

B. Possible Types of Degeneracy

andAéﬁl;ozﬁiloslt i::'ee;ns, unlikely that t¥1e code is nondegenerate, the nature
dogermmat, itl(li of the degeneracy is unclear. However, if it is highly
ogener ra;d (l)esdnot seem pr.obable that it is so at random. To con-
it o om sr egenerate triplet code, imagine that all the sixty-four
bl 1euc'e put in a box e}nd. then drawn out at random giving, say,
e ine, two to m.eth.xonme, ete. The main reason against a code
is type, apart from its inherent inplausibility, is that the mutation

prodt{ced by nitrous acid do not seem to vary sufficiently, It seems m(())r:
p}gusxble ‘that the triplets for any particular amino acid will be rather
S ike, ThlS” can be formally stated as follows. We call two triplets
connceted” when one can be changed into the other by altering one Il)>ase

Only. Ihen tlle expectatlon 18 tllat a]l t;ll 1 \4
€ tr plets f()], 84, ) lcucllle Wl” be

cuc

I
CUU—-CGU

f
GUU
. Ad connected cod(? has the property that the amino acid changes pro-
fuce by the alteratl?n of a single base are usually somewhat fewer than
u(l)]rC l?a;angonl:d code, since some base alterations will leave the amino acid
ged. Moreover, it is easy to invent i i

rould b, Mareow , y vent ways in which such a code
Th'A.spe}:nal subclass of the connected codes is of particular interest
tlts‘3 1s those codes thz.xt are logically degenerate; that is, for which the.
lr))a “;n of degeneracy is given by a simple rule, as in the code suggested
dy ocse (1.962) (S(ECthl] VILD). (Actually a code can be logically
egenerate without being connected in the above sense; for example, the
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combination code of Gamow and Yeas, 1955.) Certain logically degen-
erate codes, such as Woese’s code, reduce very considerably the changes
expected from a mutagen such as nitrous acid. Whatever the reason,
the changes so far observed to arise from mutation, produced either by
nitrous acid or otherwise, appear to be of rather few kinds, though how
much the present sample is biased it is almost impossible to say. In fact,
many of the changes can be roughly fitted to a doublet code that is also
compatible with the data from the cell-free system (Roberts, 1962). A
pure doublet code only provides sixteen codons, and does not allow a
wide range of alternative base-ratios for the same message. But it does
suggest that if the code is really a pure triplet code its degeneracy makes
it look at times more like a doublet one.

C. Degeneracy and the sRNA

At first sight it might be thought impossible to construct a triplet
code which was highly degenerate using only one molecule of sSRNA
(with only one recognition site) for each amino acid. This can easily be
done, however, if some molecules of sSRNA recognize only two bases ofa
triplet and are indifferent to the third, although the reading of the base
sequence moves on three bases at each step. Such a limited recognition
can be symbolized by XY, where the dot indicates that any of the four
bases can occur at that position. Naturally, it is only possible to code a
maximum of sixteen sets in this way. However, if some molecules of
sRNA recognize all three bases, then one easily obtains enough codons.
Suppose, for example, that we have six of the amino acids coded by

AAG, AAU, AAC, GGA, GGU, and GGC

(one for each), with AAA and GGG as spaces, and suppose that all the
others (except for AA and GG) are of the form XY, giving fourteen
further amino acids, making twenty in all. Such a code need have only
one sRNA for each amino acid, yet it is highly degenerate (all triplets
stand for amino acids except AAA and GGG) and compatible with a
fairly large range of DNA base compositions, since the composition of
the third base in the triplet can be freely adjusted in many cases.

1 do not feel this code is correct, but it illustrates the point that there
may be fewer sSRNA molecules than one might surmise at first sight.
Moreover, it would not be surprising if the actual code had something of
this character. It bears obvious resemblances to the code suggested by
Roberts (1962), except that it is strictly a triplet code and not a mixture
of triplets and doublets (ie., the coding ratio = 3, and not between 2
and 3 as in Roberts’ code). It should be noted that a mixture of codons
of the type XY with some of the type X-Y is likely to lead to ambig-
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uous triplets. As discussed in Section VII,D, one interpretation of Woese’s
code al'so calls for only one sSRNA molecule per amino acid, but in his
case this would imply that the sSRNA did not always use the usual base
pairs to recognize the template RNA, whereas in the above scheme the
standard pairs can be used throughout.

D. Summary

We can summarize the evidence on degeneracy as follows:

(1) It seems highly unlikely that the code is completely nondegen-
erate. This is contradicted both by data from the cell-free system
and from the TMV nitrous acid mutants.

(2) The amount of degeneracy may be small, i.e., perhaps thirty or
erver of the sixty-four possible triplets may stand for amino
acids. The evidence from the cell-free system, the amino acid
replacement data, and the fractionation of sSRNA, could all, at
the moment, be compatible with this. ,

(3) The amount of degeneracy may be very much higher.* This is
suggested by the wide range of DNA composition and by the

_ genetic studies. It is not contradicted by the more direct evidence
thopgh this suggests that if the code is highly degenerate it is;
unlikely to be degenerate at random.

I favor the third alternative.

VIi. Theoretical Matters

A. The Order of Bases within a Codon

It is obvious that the study of polynucleotides of random sequerices
can lead only to the composition of the codon and not to the order of
the bases w?thin a codon. However, it was realized at a very early stage
that tl.le amino acid changes observed in one-step mutation could provide
some information on the relative order within different codons though
n(')t on the.absolute order. We could arbitrarily call the three ;,)ositions
w1.th1n a triplet the @, b, and c positions, and describe all the triplets in
f,hls same way (that the a position in one corresponded to the a position
in all the others, etc.), and leave to further study the problem of the
act.uaI order of the a, b, and ¢ positions on the polynucleotide chain, for
which there are obviously six alternatives. ,

Most workers on the coding problem have made preliminary attempts
along these lines for their own private use but only a few authors have

* See Addendum.
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published them. Zubay and Quastler (1962) sought to deduce the code
from amino acid replacements alone, using a method that involved
obtaining, by an unspecified technique, a rather poor fit to some doubtful
data. They assumed that the code was nondegenerate (which is unlikely),
and that aspartic acid was equivalent to asparagine and glutamic acid
to glutamine. The latter assumption was later supported by the paper
by Zubay (1962) mentioned in Section I,C. It suffices to say, for example,
that their (nondegenerate) assignment of UUA to Glu and UGG to Ser
can only be reconciled with the results from the cell-free system by
rather special pleading.

Two other attempts, by Smith and by Jukes, proceeded on more
obvious lines. In both cases, the assignments are based on the triplets
suggested by Ochoa and his colleagues. At the time that Smith was
working on his first paper (Smith, 1962a), codons had been proposed for
‘only fourteen amino acids. On the tacit assumption that the code was
nondegenerate, he was able to deduce the codons for four others from
the amino acid replacement data. These were subsequently confirmed by
Speyer et al. (1962b) but the evidence for three of them can only be
classificd as doubtful (see Table ITI). In a second paper, Smith (1962b)
produced ordered codons for all {wenty amino acids, the only ambiguities
being for Cys and Try. He pointed out that “the assumption of degen-
eracy . . . is unnecessary to explain the amino acid substitutions in
proteins already presented.” He continued, “There are, however, certain
exceptions,” which he mentioned. However, he did not explain why, if
the code were nondegenerate, he should ignore these mutations and not
others; or that if additional codons are necessary, this would make his
whole method uncertain. The paper includes a discussion of why all

codons contain U, a fact neither supported by the experimental evidence
nor likely on general grounds.

Jukes (1962a) based his first code partly on a quite unlikely set
of assumptions about a pair of amino acid changes in g-lactoglobulin,
which were shortly afterwards shown to be incorrect. A second attempt
(Jukes, 1962b) proceeded on now familiar lines, being based on the
Ochoa triplets, but allowing a small amount of degeneracy. His assign-
ments, as might be expected, are not the same as Smith’s but are not
completely dissimilar, having most of the triplets in common. This is
not surprising, since they were based on almost identical data and
assumptions.

It is clear that these attempts were premature. Apart from the fact
that many of the triplets on which they are based are not firmly estab-
lished, the method can only work if the composition of all (or almost all)
codons is known, at least for the amino acids being considered. Even
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then. i . . .
¢ n;einn,olt; ctir:juit tlye used with discretion, since it is unlikely that all the
afino ¢ thane(;))nxa,c;e)ments obs?rved will fit (a few may involve a change
the cata very el and’that o1 sinor popene o 1Y one soution it
1l ¢ _other solutions fit ve oorly.
wmfl’:;}r:rtl:lsessé it is worth no?mg that a tolerable ﬁiyi.f obtgined even
mies 8 inpseczl d{t’tiaisThe basic reason for this is that, as pointed out
ity 3 monh »B, one can construct a doublet code that is com-
pat replaceme:::s (oé ttl:e data from the cell-free system and from amino
i Iy nente oberts, 1962), ;?rovided one ignores the way nitrous
e ot ke act. My own belief is that this amount of agreement
the trintots s ecause the code consists mainly of doublets but because
v  are not degenerate at random, and because the replacement
» especially for hemoglobin, is at the moment rather limit:d e

B. Ambiguous Codons

The i i .
boly hg mcori).oratlon of. some leucine, in addition to phenylalanine, b
codons ,mmen toned earlier in Section IIIB, suggests that ambi ljmu}s,
an artifac?;y fe );IhSt The evidence so far presented could be explain%d as
though rel(') the cell-free system, or an effect peculiar to a few strains
system fxl-) Immary experiments show a similar effect in a cell-freé

T 0(;1(1) rabbit reticulocytes (Arnstein, personal eommunication)
it should no:sbmt seerp, unfortunately, any good theoretical reason v;'hy
were restricted ef 2 universal property of the code, provided ambiguity
like a weak f or a few codons. An ambiguous codon would then be
expect to find orm of nonsense, or double-talk. Occasionally we should
ing by one amie:l:mg']g)ge‘:;e PF}(:dUCing [0 amino acid sequences (differ

acid), thou 5 ; : . K

occurrence in wild-type proteginsnatum] sclection might make this & rare

Ti i i ’

- Lheoretically it can be shown that if all ami i
:‘;‘Z nI'teprfesentefi by elthe.r XY-, X-Y, or ‘XY then one cana;z:ilouamgs
unaml}),i_gl(l)::sd:;ff-er]e"g t(h(ljngs and still allow each of them to have I‘:wz
) Tiple rick and Watts-Tobin i

present evidence, however, such a code seems ux;]i;ire]{); blished)- On the

C. Unlikely Codes

Although the number of fi i
rmly established facts is r:
are enough to make several codes very improbaatfl: s rather small they

1. THe ComMa-LESs Copk (Crick ef al., 1957)

Th i
mmm:;et;ire fmany members of this family of codes but they all have in
he fact that, of the three eyclic permutations of any c;odon
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only one should be sense and two nonsense. Thus the “probable” results
from the cell-free system (Table II1) eliminate comrr}a-less codes. Sev-
eral other less direct arguments can also be made against them.

2. Tue ComsiNaTiION Cope (Gamow and Yeas, 1955)

i i i the same
In this code all the permutations of any triplet stand for .
amino acid. Thus GUU is the same amino aciq as U.GU and UUG. Again
the results from the cell-free system make this unlikely.

3. TransPosaBLE TrirLET CopES

There are several types to be considered. The “transposition" is the
complementary triplet on the other chain of the DNA, r'ead in the oppo-
site direction. For example, the transposition of UCG is CGA. One old
favorite is that both the triplet and its transposition stand for the same
amino acid. Another suggestion is that, if a triplet is sense, then its
transposition is nonsense. In other versions, the complemen?ary sequence
is read in the same direction, i.e., UCG and AGC are considered & pair.

None of these codes seem very likely, if only because they.rfastrlct the
variation one can obtain, by degeneracy, in the base composmop of the
DNA. However, they might be disproved if we had more definite dz‘ita
from the cell-free system. In particular, the number of different amino
acids coded by (UUA) and (UAA) should not exceed .three'. Table III
suggests that four or five amino acids may be coczed in this way, but
only two of these triplets are classed as “probab]e', ’ 50 that the ma'tter
must remain open for the time being. Anather possible group to consider
is (UGG) plus (CCA).*

4, Two-LerTER CODES

Tn these codes, the bases were put into two groups. Thus, it was sug-
gested (Sinsheimer, 1959) that the two letters were 6-keto (G = U) and
6-amino (A = C). As already stated, the whole character of the results
from the cell-free system make all such codes unlikely.

5. PartLy OverLAPPING CoODES

Tt has been pointed out by Wall (1962) that partly overl?.pping cc?des
are not completely eliminated by the present data. ‘He considers various
possibilities and proposes, in particular, a code having a codon size of 4,
but a coding ratio of 3, so that the first and last base of each codon are
shared with the two adjacent codons. He further suggests that perhaps

*See Addendum.
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only U and G may occur in these positions, although all four bases are
allowed in the two middle places of the codon. Wall rightly points out
that the results of Crick et al. (1961) show that it is the coding ratio
(and not the size of the codon) that is likely to be 3 and are thus in this
respect. compatible with his suggestion. Moreover, although the code is
partly overlapping, nitrous acid would not produce changes in two
adjacent amino acids, as neither A nor C is shared by two adjacent
codons. In fact the only changes that would alter two adjacent amino
acids are G— U or U-» G, and if such transversions were not too com-
mon they might not have been picked up in, say, the abnormal hemo-
globin, especially if the number of possible alterations were reduced by
systematic degeneracy. He also argues that double changes might be
lethal more often than single changes, as they may cause more damage
to the structure of the protein. For all these reasons the present data on
amino acid substitutions is certainly not incompatible with such a code.

However, the distance apart of the double or triple mutants observed
by Crick et al. (1961) to have the wild phenotype is not easily com-
patible with his code, since the deletion or addition of a base would be
expected to lead to a nonsense codon in many cases. The fact that a poly
C,A appears to act as a messenger is also against this particular form

- of his code, since all templates should contain either U or G or both.

Nor can it be said that there are any strong arguments in favor of his
code. Nevertheless, it remains a possibility that should be kept in mind.

D. Woese's Code

The balance of evidence suggests that the code is highly degenerate
but not degenerate at random. A code of this type, which is also logically
degenerate, has been put forward on a detailed basis by Woese (1962).
He assumed the code was of the nonoverlapping triplet type, and that it
should be degenerate in such a way as to account for the large range of
DNA base-ratios. He considered codes in which the degeneracy is caused
by equating certain bases, depending upon whether the first, second, or
third letter of the triplet is being considered. As we have seen from the
results on the cell-free system, the four bases are distinet, but it does not
follow that they are distinct in all three positions. Such a code gives
a X b X c different sets of triplets, where g, b, and ¢ are integers < 4.
The smallest number greater than 21 obtained in this way 182X 3 X 4
= 24. (The next smallest is 3 X 3 %X 3 = 27.) That is, there should be
one position in the codon with two alternatives, another with three, and
at the third all four bases should be distinct. The code he chose can be
symbolized as:
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u A=C C=U
C G=U A
A G =4 X2X3
G
1st 2nd 3rd
position

and Woese pointed out that there could be & structural basis to this. The
degeneracy in the second position is obtained by having as the two
alternatives 6-amino (A or C) or 6-keto (G or U), and in the third
position the two pyrimidines, U and C, both have a keto group at the

same place.

There is, however, no compelling reason why this particular choice should be
made. There are forty-two distinet codes of the type 2 % 3 X 4, not including
permutations of the order of the letters, and many of these could be given some
structural justification. However, if one is restricted to codes allowing a large varia-
tion of DNA base composition and predicting, for example, that poly U,C will
incorporate just four amino acids (rather than two or eight), there are only eighteen
codes that need be considered. It is not clear at the moment that any of these
codes have any clear advantage over the one proposed by Woese, and they are not
considered further here. No codes of this type give a mutagenic pattern for transi-
tions containing triangles unless one amino acid is allotted to more than one of the

twenty-four sets of triplets.

Having by his rule allocated the sixty-four triplets to twenty-four
distinct sets, Woese proceeded to determine which amino acid went with
which set of triplets, using as a guide the triplets suggested by Ochoa
and some of the amino acid replacement data. The solution he proposed
is set out in Table VIL In judging Woese’s code, one must realize that
some of the data he used to derive it may have been misleading and that
other allocations are not ruled out. He was able to fit most of the triplets
suggested by Ochoa, except that he could not include both cysteine and
tryptophan, but only one of them. This springs from the fact that only
eighteen of his sets contain U. He was also uncertain whether to exchange
the sets allocated to serine with those for leucine, and possibly arginine
with alanine and glutamine with aspartic acid.

The agreement is not unimpressive, since it predicts that a poly C,A
would incorporate proline and threonine, which was not known when he
allocated his triplets.

A code of this type can be considered in two distinct ways. The fact
that there is a structural basis for the degeneracy suggests that there
may be only one sRNA for each amino acid but that it does not always
use the usual base-pairs when it sits on the template, so that the same
SRNA can combine with more than one triplet. Thus the grouping of the
triplets into twenty-four sets would be dictated by some unknown but
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plau@ble struc-tural requirement, although the allocation of any set to a
particular amino acid might be a historical accident, assuming the
correc?ness of the adaptor hypothesis. ’ ’

) It is not easy to reconcile the experimental data to this point of view
since the‘ fact that an amino acid is not ineorporated by a certain
polymer is .then difficult to explain away. Moreover one might expect
that H .(whlch appears to act like G, as one would predict if the usual
b‘ase-paxrs are used) could act like A in the third position of the triplet
since both have a CH at position 2 in the purine ring, e

’I"he .alterr.lative point of view, favored by Woese (personal com-
mun{catlon), is that there is a separate sSRNA for each triplet, making
on his allqcatmn, fifty-six types in all. The relationship bet;ween the,
different tr'xplets for one amino acid is then attributed to some unknown
stereoch.emxcal relationship between each particular amino acid and its
chons in .the .remote past, so that leucine, say, is necessarily associated
::::1 seetx':a;)n trxg}lfits]. Th'at such a general relationship could be discovered

e unlike i i
e of oo ke 1}(:y)(fn fact the adaptor hypothesis was invented be-

At any event, no such stereochemical relati i
suggested. Woese’s code, in this form, does not :};(;)22};]20 hhas v bgen
‘quavt; theoretical foundation. e ke

. oese’s code, as given in Table VII, is not in perfect agr

Z;:th the experimental dats. For example, the more rzliable regsu(;i!smfzz:
e cell-free system show no incorporation corresponding to (UAU) for
serine, or (GCU) for methionine. However, it could be argued that the
sRNA for. these triplets are missing, or that the base sequence of the
polymers is grossly nonrandom. If the three possible (UUG) codons
::and for .Leu, Cys, and Val, .then Phe should not be (UGU), but this
: gument is a weak one. Ag{zm., .the apparent incorporation of leucine
ecause _°f a (UUQG) and of histidine because of (ACC) is not accounted
for_ by his code, but it is just possible that there are “errors” of incorpo-
ratuzn. In short, the evidence from the cell-free system is not suﬂicien;zl
precise to make it possible to reject Woese’s code with certainty Y

Most of the amino acid replacement data will fit his scheme 'but no

possible allocation of triplets could account for the triangle ’

Pro
v oN
Ser — Leu
found for nitrous acid mutants, unless one of these amino acids is
represented by more than one of his sets of triplets, or unless one of
these changes arises either from a transversion or fx,‘om transitions to
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TABLE VII
Tue CopB ProrosEp BY Worss (1962)¢

1. U0V, UUC, UGU, UGC Phe
2. UAU, OCU, UAC, UCC Ser

3. CUyU, CUC, CGU, CGC Leu
4, CAU, CCU, CAC, CCC Pro
5. Guu, GGU, GUC, GGC Val
8. uuq, UGG Cys

7. aquaG, GGG Gly

8. AUU, AUC, AGU, AGC Tleu
9. UUA, UGA Tyr
10. AUA, AGA Lys
11. UAA,UCA AspN
12. AAU, ACU, AAC, ACC . Thr
13. GAU, GCU, GAC, GCC _ Met
14. AUG, AGG Asp
15. QUA, GGA Glu
16. cua, CGG Ala
17. UAG, UCCG Al:g
18. CUA, CGA His
19, CAG, CCG —
20, GAG, GCG —_
21. CAA, CCA —
22. AAAACA —_
23. GAA,GCA GluN
24. AAG, ACG —_

o The amino acida are assigned according to the experimem:ally obsel:ved c?ding
triplets (which are boldface) of Speyer et al. (1962b) and according to amino acid re-
placement data.

two bases, in his case UAU (Ser) - CGU (Leu), or UCU (Ser) - CuUUu
(Leu). The alteration found in hemoglobin of His — Arg would involve
a change of all three bases. However, if arginine were reallocated to set
no. 16 (CUG and CGG) only one base would need to !oe changed,
A — G. The mutagenic pattern for nitrous acid mutants (Flg: 3) shows
five arrows connected to serine. Again (with the resex.'vatmI.]s made
above) mo possible allocation of the sets of triplets can give this .resul't.
In fact, it cannot be obtained with any of the 2 X 3 X 4 codes, since it
can be shown (Crick, unpublished) that there is no case of a set being
connected by transitions to more than four other sets. _ .

The situation will clearly have to be reviewed from time to time as
more reliable data becomes available, but the amount of disagreement at

e present time is disturbing,.

. Ilt)'. seems unlikely that this code, or similar codes of the 2 X3 X 4
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type, can be correct. The importance of Woese’s code is that it appears
to be, in a rough sense, the sort of code one might expect. It is, therefore,
of interest to see how far one may go in fitting other types of data to it.

Woese (personal communication) has made the following observa-
tions:

(1) Given the approximate amino acid composition associated with
an organism, a range of nucleic acid compositions can be cal-
culated compatible with it. The actual bage composition, in all
cases studied, falls within this range. That is, one can account
for the large variation in DNA bage-ratios in microorganisms,
and also the RNA composition of six small viruses, including
wild cucumber mosaic virus, containing 40% C.

(2) Woese shows that his code allows one to fit these data on
nearest-neighbor frequencies for the bases in DNA from a
variety of microorganisms (Josse et al., 1961) rather well if the
absolute order of bases is that shown in Table VII. Four of the
other five possible permutations of order are a bad fit. He can
only do this if the two strands of the DNA of any structural gene
do not have identical base compositions (in all cases studied he
predicts G > C for mRNA),

(3) Swartz et al. (1962) have reported the nearest-neighbor base
frequency for the single-stranded DNA virus $X174. Woese
shows that his code accounts for these frequencies if one assumes
that the DNA chain in the virus is the coding strand. He states
that one cannot fit the frequencies if the complementary strand
is the coding strand.

One may reserve judgement on all this for two reasons. First, in fit-
ting the data, there are a good number of disposable parameters, al-
though Woese shows very convincingly that they are not elastic enough
to allow any two sets of data to be fitted together. Second, Woese's code
has been correlated with Ochoa’s triplets, and, as we have seen, these fit
Sueoka’s data fairly well. Thus, I suspect that many codes of this
general sort (that is, with the right kind of degeneracy and fitted to
Ochoa’s triplets) could be made to fit the data on the base composition
and nearest-neighbor data of the nucleic acid. Obviously small (illogical)
variations in Woese's code would not alter the fit too much, and indeed
in one place he argues that this may have happened in the course of
evolution. Clearly a final judgement on this point cannot be made until
the code is known completely. It would be of interest to see if any of the
other 2 X 3 X 4 codes would fit the facts as well.
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Viil. General Observations

A. The Nature of the Code '
Tt is clear from what has been said that at almost every point we :ad;
certain knowledge of the genetic code. Nevertheless,‘ the .welgh do
evidence certainly suggests that it is a nonoverlappz.ng triplet co le,
heavily degenerale in some semisystamatzc‘way, 'and umv.ersal, oz neaz 3
so. Whether this general impression is mxsleadmg'remalns to be se.ﬂ;
However, although not one single codon can be said to be !mown th '
certainty, we do know something: one codon for phenyl‘a]anmebizon a}ins
U’s, one for proline contains C’s, and so on. Thfa co.dmg pro errlxl ad
moved out of the realm of rather abstract speculation into the rough an

tumble of experimentation.

B. Future Developments . .

It would be rash to attempt to forecast the exact way in which the
subject will develop, but certain trends can be .foreseen. :

We can distinguish two types of informathn .We.nee.d: ﬁfSﬁ, t e
general nature of the genetic code; second, th.e dlstmc.tlve' 1dent1ﬁcatsog
of each codon. The general question on which qurmatxon is most nee ef
is that of degeneracy. Until we have a bettc_ar idea of the n}lmber zo
codons that stand for amino acids, other fev1de'llce will be difficult
interpret.* A likely approach lies in the fractionation of t:he sRNA. Where
in the past the main aim was to obtain the sR?IA which accfapted onz
amino acid free from all the others, now we require the separatlon' (Ortﬁ
least the separate labeling) of the different sSRNA molecules accepting -le
same amino acid. It does not matter whether.our s.amples are hfaaw y
contaminated with sSRNA for other ar:;inod'acld:., since we can ignore

ving just the one amino acid radioactive.
the?f‘hzzehliNAg f]ractions can then be tested in the 'cell-free .system ft?r
incorporation with defined polynucleotides, and e.xlso into particular posf;
tions in defined proteins. Ultimately this tec}.xmqu? should allow 'us.'c
decipher the exact base sequence in a gene In spite of the ambiguity
egeneracy. .

cau’slfl?ebgtl?erg obviogs development is the synthesis_ of polynucleotides
with defined or partly defined sequences. The most likely would seem to
be either polymers made by polynucleotide.phosphorylase a:nd smm‘?ﬁ
with small known primers,* or polynucleotides made chemically, wi
repeating sequence such as XYXYXY ... or XYZ)'(YZX"S.(Z. .. Nlloée-
over, there is always the hope that by luck, or from increasing knowledge

*See Addendum.
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of the actual mechanism of protein synthesis, it may be possible to use
very small polynucleotides, even trinucleotides, in some way to uncover
the code. This work, if carefully carried out, should lead to the unam-
biguous identification of at least some codons, as to composition, order
of bases, and size.

The evidence to be obtained from mutation and from genetic studies
generally is more difficult to forecast, especially if the code is highly
degenerate, Mutations being basically rare events, it follows that argu-
ments based on them are difficult to make completely certain. Does
nitrous acid act almost always as we think it does? Do most mutations
arise from changes in a single base? Are transversions perhaps very rare?
Nevertheless, in time it should be possible, checking the genetic evidence
by biochemical studies, to discover how to use it with confidence.

At all stages we may expect evidence on the universality or quasi-
universality of the code to accumulate. Any experiment that putports to
prove that the code is not universal will require careful documentation.

It is obvious that there is no shortage of experiments that need doing.
The problem is always which one to try first. Unless the cell-free system
shows unexpected difficulties, there is every chance that it can be used to
solve the code. ' ‘

C. On the Place of Theory

It does not seem to be appreciated that theoretical work is often of
two rather distinct types. There is first the deduction from experiment:
the weighing of the data and the reasoned assessment of, say, the evi-
dence that a particular codon represents a particular amino acid. This T
would call interpretation, and it needs to be done critically. ,
~ Second we have theory proper. This may take several forms; for
example, Wall’s demonstration that a partially overlapping code is not
yet eliminated; or Woese’s attempt to deduce the whole structure of the
code from only part of it. These theories may not be correct but they are
both sensible and useful, in that they enable us to tighten up our logic
and msake us scrutinize the experimental evidence to some purpose.
Moreover, even if Woese’s code is wrong, his careful exploration of its
consequences may enable us to see something about the general character
of the genetic code. But, most important of all, these ideas are not merely
useful, they are novel. If their authors had not suggested them, they
might not have occurred to many people working on the problem.

The bad theoretical paper takes an obvious technique, applies it to
shaky data, and reaches a solution that even on general grounds can be
seen to be unlikely. What is gained by this it is difficult to discover.

In the long run we do not want to guess the genetic code, we want to
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know what it is. It is, after all, one of the fundamental problems of
biology. The time is rapidly approaching when the serious problem will
be not whether, say, UUC is likely to stand for gerine, but what evidence
can we accept that establishes this beyond reasonable doubt. What, in
short, constitutes proof of a codon? Whether theory can help by suggest-
ing the general structure of the code remaing to be seen. If the code does
have a logical structure there is little doubt that its discovery would
greatly help the experimental work. Failing that, the main use of theory
may be to suggest novel forms of evidence and to sharpen ecritical
judgement. In the final analysis it is the quality of the experimental
work that will be decisive.

Addendum

A fair number of papers have appeared since this review was written,
but I shall content myself with mentioning briefly only one or two of
the more important ones.

Henning and Yanofsky (1962b) have reported their results on the
amino acids substitutions caused by mutation at one particular place
in the polypeptide chain of the A protein of the tryptophan synthetase of
E. coli. In brief, a glycine in the wild type is changed by mutation either
to a glutamic acid, from which it can revert to either the original glycine
or to valine or alanine; or it is changed to arginine, and can revert to
either glycine or serine. In addition they have produced glycine as &
genetic recombinant of the arginine and glutamic acid mutants, and
both serine and glycine as recombinants of the valine and arginine
mutants. No recombinants could be detected between the valine and
glutamic acid mutants.

These results show clearly that recombination can take place within
a codon, though only rarely, as would be expected. The authors note that
their results are compatible with Ochoa’s triplets—in fact they can be
accounted for by a doublet code—but such assignments should be made

with great caution until we know the composition of most of the codons.
However it is obvious that this type of evidence will eventually be very
useful in helping to decide the order of bases within certain codons.

Gardner et al, (1962) have now reported the composition of the
polynucleotides used previously by Ochoa’s group. These deviate rather
less than might have been feared from the expected values, the worst
case being a poly U,C,G which has base ratios of 6:0.6:1.1 from an
incubation mixture with base ratios of 6:1:1. All the polymers con-
taining only two bases had their base ratios within 6% of the expected
values.

Wahba et al. (1962) have reported preliminary experiments which

RECENT EXCITEMENT IN THE CODING PROBLEM 215

suggest that the order of bases in the triplet (UUA) for tyrosine is, in
fact, {&UU. They also mention that they have evidence that the tyros’ine'
may lie at the C-terminal end of the polypeptide chain, and that cysteine
may be QUU. However, the effects produced are small and independent
con’fIi‘rhmatlofx b):i molre rigorous methods is very desirable.

e major development in the studies on the cell-free -
ever, has been the discovery by both Nirenberg’s and Ochoa:ay ;:zx:;’)sht(l)::t
most po)ymer_s without uracil will stimulate amino acid incorporation
gror;:: ;nd lgxrenberg, 1962; Gardner et al., 1962). In particular the lat-
: rkers ave'shown that po{y A produces poly-r-lysine, which had
Te;len missed previously because it was soluble in the precipitants used
B ey have also fshown that, as would be expected, the product was'

igested by trypsin but not by chymotrypsin. The new evidence is such
as to make all transposible triplet codes unlikely (see Section VII,C,3)
These results are too extensive to be reported here in detail ’H:)w-
ever, they show clearly that (assuming triplets) the code has co.nsider-
al;le degeneracy and that the different codons for one amino acid are
re ated.. Thus, one of the main themes of this review has been justified
before its publication. It is to be hoped that attention will now be given

to the other the i i i
of cach soden. me—the necessity for the rigorous experimental proof
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